1. Introduction {#sec1}
===============

The global syndemic of obesity and metabolic diseases has prompted accelerated research in understanding their etiology and prevention \[[@bib1]\]. Immunometabolism has recently emerged as a new field of research aimed to uncover the complex interactions between the metabolic and immune systems \[[@bib2],[@bib3]\]. While the role of low-grade chronic inflammation has been long recognized, particularly in adipose tissue and liver \[[@bib4]\], recent evidence suggested novel links between dysmetabolic conditions and pathologic immune responses \[[@bib5]\]. A number of novel pro-inflammatory mediators of metabolism have been described in the literature \[[@bib6]\]; however, their potential role as early predictors of metabolic disease-associated inflammation remains unclear. Among a set of candidate molecules, we have identified galectin-1, haptoglobin, and nesfatin-1 as promising biomarkers of immunometabolism.

Galectin-1 is a protein normally secreted in epithelia of many organs and immune cells, including macrophages as well as dendritic cells and Kupfer cells \[[@bib7]\]. It is upregulated during inflammation and exhibits a wide range of physiological functions, including regulation of cell differentiation, proliferation, apoptosis and angiogenesis \[[@bib7],[@bib8]\]. Haptoglobin is a prominent plasma glycoprotein involved in the scavenging of free haemoglobin \[[@bib9]\]. Most haptoglobin is produced by the liver, although other organs such as kidney and adipose tissue could be additional sources of its production \[[@bib9],[@bib10]\]. Haptoglobin also acts as an acute phase protein and is highly induced in the liver by inflammation and injury upon stimulation by IL-6 \[[@bib9]\]. Nesfatin-1 is a recently discovered peptide secreted by peripheral tissues but also in the brain, adipose tissue and gastrointestinal tract \[[@bib11]\]. Initially identified as a satiety molecule affecting fat metabolism, energy expenditure and glucose homeostasis \[[@bib12],[@bib13]\], recent research highlights the importance of nesfatin-1 as an immune-mediated biomarker \[[@bib14],[@bib15]\]. Despite accumulating evidence in support of the inflammatory and metabolic functional associations of these biomarkers, their application in etiological research is limited and whether they could prove useful in clinical practice remains unclear.

This study aimed to evaluate the intra-individual reproducibility of galectin-1, haptoglobin, and nesfatin-1 in a sample of predominantly healthy adults with repeated blood collections over a 4-month period within the European Prospective Investigation into Cancer and Nutrition (EPIC) Potsdam cohort.

2. Methods {#sec2}
==========

2.1. Study population {#sec2.1}
---------------------

The study included 407 individuals taking part in a validation study conducted within the EPIC-Potsdam study. Exclusion criteria included history of heart disease and stroke, impaired mobility, used β-blockers, and had systolic or diastolic blood pressure above 180 mmHg or 110 mmHg, respectively. Blood samples were collected on two occasions 4-months apart in the period of October 2007 to March 2008 and between February and July 2008. Of the 407 invited participants, the total number of eligible participants was 207 (11 did not respond, 176 declined participation, 12 used β-blockers, and one provided only one blood sample). From these, repeated measures for each biomarker were available for 166 (galectin-1), 171 (haptoglobin), and 168 (nesfatin-1) participants. Timing of blood collection was conducted from 8 a.m. to 11 a.m., with few exceptions, and 90% of participants were in a fasted state. All participants provided written informed consent and the study procedures were approved by the Ethics Committee of the Medical Association of the State of Brandenburg.

2.2. Biomarker measurements {#sec2.2}
---------------------------

After the blood draw, blood fractions were separated and stored at −80 °C by qualified laboratory technicians. Biomarker concentrations were measured in EDTA-plasma samples (nesfatin-1 and haptoglobin) and serum samples (galectin-1) with commercially available sandwich ELISA kits (BioVendor, Kassel, Germany) at the German Institute of Human Nutrition Potsdam-Rehbrücke, Germany, according to the manufacturer's instructions. Coefficients of variation reported in the manufacturers' manuals ranged from 4.3% to 5.9% for intra-assay variation and from 5.9% to 6.9% for inter-assay variation, with no information provided for galectin-1. The repeated samples from each study participant were measured in the same analytical batch. All biomarkers had measurements within the range of quantification.

2.3. Statistical analysis {#sec2.3}
-------------------------

To avoid skewed results, extreme values of galectin-1, haptoglobin, and nesfatin-1 were excluded from analysis by using the 1st and 99th percentile of the first and second measurement as thresholds for exclusion. Median and interquartile range (IQR) were calculated for both measurements of galectin-1, haptoglobin, and nesfatin-1 for the following strata: overall and stratified by sex, BMI, and hsCRP. Biomarker concentrations between strata were compared using the Wilcoxon-Mann Whitney test. As a measure of reliability, intraclass correlation coefficients (ICCs) were calculated \[[@bib16]\]. To evaluate interdependence with the individual characteristics, the ICCs were compared across strata by sex, BMI, and hsCRP. Following established reliability cut points, estimated reproducibility was rated as excellent (ICC ≥ 0.75), good (ICC = 0.74--0.60), fair (ICC = 0.59--0.40), and poor (ICC \< 0.40). As a complementing procedure, Bland-Altman plots were generated to visually assess the agreement of measurements for each participant \[[@bib17]\]. Associations between baseline biomarker concentrations with body mass index (BMI) and hsCRP were evaluated using partial Spearman correlation analysis adjusted for age, sex, and mutually adjusted for BMI and hsCRP. All analyses were performed in SAS (Version 9.4, Enterprise Guide 6.1, SAS Institute Inc., Cary, NC, USA).

3. Results {#sec3}
==========

The study population had a median age of 56.7 years and consisted of 60% women. At blood draw, 90% of the participants were fasted. Participants had a median BMI of 26.1 kg/m^2^, waist circumference of 93.0 cm, and serum hsCRP of 1.2 μg/mL.

[Table 1](#tbl1){ref-type="table"} presents the medians and interquartile ranges of repeated measurements of galectin-1, haptoglobin, and nesfatin-1 as well as corresponding ICCs, overall and according to strata by sex, BMI, and hsCRP.Table 1Repeated measurements of biomarker concentrations and estimated ICCs, overall and stratified by sex, BMI and hsCRP.Table 1BiomarkersNMedian (IQR)ICC (95% CI)∗∗First measurementSecond measurementGalectin-1, ng/mL All1633.1 (2.7--3.6)3.2 (2.8--3.8)0.70 (0.61, 0.77) SexMen643.0 (2.6--3.4)3.0 (2.8--3.8)0.77 (0.64, 0.85)Women993.1 (2.7--3.7)3.3 (2.8--3.8)0.65 (0.52, 0.75)p~difference~∗0.1970.367 BMI\<25 kg/m^2^673.0 (2.6--3.2)3.1 (2.8--3.5)0.45 (0.24, 0.62)≥25 kg/m^2^963.2 (2.7--3.7)3.4 (2.9--3.9)0.80 (0.71, 0.86)p~difference~∗0.0090.031 hsCRP\<1.2 μg/mL763.0 (2.6--3.3)3.1 (2.7--3.6)0.63 (0.47, 0.75)≥1.2 μg/mL873.2 (2.8--3.7)3.4 (2.9--3.9)0.74 (0.63, 0.82)p~difference~∗0.0180.019  Haptoglobin, μg/mL All168175.0 (139.0--234.0)163.5 (137.5--209.5)0.67 (0.57, 0.74) SexMen69184.0 (144.0--245.0)170.0 (140.0--215.0)0.55 (0.36, 0.69)Women99173.0 (136.0--219.0)161.0 (132.0--209.0)0.74 (0.63, 0.82)p~difference~∗0.4850.583 BMI\<25 kg/m^2^66158.0 (130.0--195.0)156.5 (131.0--190.0)0.54 (0.35, 0.69)≥25 kg/m^2^102179.5 (147.0--268.0)174.0 (140.0--262.0)0.72 (0.62, 0.80)p~difference~∗0.0130.083 hsCRP\<1.2 μg/mL75160.0 (129.0--198.0)161.0 (133.0--205.0)0.77 (0.65, 0.85)≥1.2 μg/mL93190.0 (153.5--259.0)163.5 (141.5--215.0)0.57 (0.41, 0.69)p~difference~∗0.0080.543  Nesfatin-1, ng/mLAll1630.3 (0.1--1.5)0.3 (0.1--1.6)0.89 (0.86, 0.92) SexMen630.3 (0.1--1.3)0.3 (0.1--1.5)0.84 (0.74, 0.90)Women1000.4 (0.1--1.5)0.5 (0.1--1.7)0.93 (0.90, 0.95)p~difference~∗0.8310.574 BMI\<25 kg/m^2^660.2 (0.1--1.4)0.3 (0.1--1.2)0.93 (0.89, 0.96)≥25 kg/m^2^970.4 (0.1--1.5)0.3 (0.1--1.7)0.86 (0.80, 0.90)p~difference~∗0.2070.206 hsCRP\<1.2 μg/mL780.3 (0.1--2.6)0.3 (0.1--1.7)0.93 (0.89, 0.96)≥1.2 μg/mL850.4 (0.1--1.3)0.3 (0.1--1.3)0.85 (0.78, 0.90)p~difference~∗0.9170.834[^1][^2][^3]

Overall, the ICCs (with 95% confidence intervals) over a 4-month period ranged from good for galectin-1 and haptoglobin (0.70 \[0.61--0.77\] and 0.67 \[0.57--0.74\], respectively) to excellent for nesfatin-1 (0.89 \[0.86--0.92\]). In analyses by strata, no substantial differences in estimated ICCs could be observed. [Fig. 1](#fig1){ref-type="fig"} shows Bland-Altman plots presenting the difference of the repeated biomarker measurements plotted against the mean of the two measurements. Visual inspection of these plots showed evidence of increasing variability of differences between biomarker measurements in participants with medium (480--600 μg/mL) concentrations of haptoglobin. Most individual differences of nesfatin-1 measurements were within the limits of agreement across the full range of concentrations, illustrating an excellent intra-individual reproducibility. Overall, agreements between the two measurements of galectin-1 and haptoglobin were less pronounced, but still within the expected limits.Fig. 1Bland-Altman plot - Agreement of both measurements (y-axis) relative to average concentrations (x-axis) per individual. Agreement was calculated as the difference between both measurements (t2-t1) per individual. The 1.96 SD (standard deviation) thresholds represent the 95% confidence interval of the expected range of differences based on the average difference.Fig. 1

In partial correlation analysis galectin-1, haptoglobin, and nesfatin-1 were weakly positively associated with BMI (ρ = 0.08 \[-0.09 -- 0.24\], ρ = 0.03 \[-0.14 -- 0.19\], and ρ = 0.10 \[-0.07 -- 0.26\]), respectively. The corresponding estimates for associations with hsCRP were the following: ρ = 0.15 \[-0.01 -- 0.31\], ρ = 0.13 \[-0.04 -- 0.28\], and ρ = 0.07 \[-0.10 -- 0.23\], respectively.

4. Discussion {#sec4}
=============

In this study of predominantly healthy participants, circulating concentrations of galectin-1, haptoglobin, and nesfatin-1 showed good to excellent reproducibility over a period of 4 months. Our findings suggest that these biomarkers may serve as reliable biomarkers that could reflect immune-inflammatory pathways associated with metabolic health.

An important prerequisite for investing in biomarker measurements in large-scale human studies is to validate their detectability and reproducibility in healthy individuals over time. The latter aspect enables researchers to use single measurements of these markers as exposure proxies in assessing risk in prospective studies. Several factors can contribute to the intra-individual reproducibility of a biomarker including time of blood collection, laboratory procedures, storage conditions, as well as biological and metabolic individual variance. Accumulating evidence has supported the role of metabolic pathways in immune regulation and metabolic disease development \[[@bib18]\]. As a consequence, there has been a growing need to identify immunometabolic biomarkers that serve as risk markers and pharmacological targets \[[@bib18]\]. To our knowledge, this is the first study that specifically reports on the intra-individual reproducibility of galectin-1, haptoglobin and nesfatin-1 providing a methodological guidance to researchers potentially interested in measuring these biomarkers in prospective studies. The accelerated interest in these three analytes has been justified by a mounting number of epidemiological and experimental studies suggesting links with immunity, metabolism, and chronic disease development \[[@bib7],[@bib9],[@bib11],[@bib19]\]. Galectin-1 was suggested to inhibit metabolic diseases and to suppress T-cell-dependent chronic inflammation in arthritis, hepatitis and colitis \[[@bib20]\]. Nesfatin-1 is well known with its potent actions in feeding suppression and inducing pancreatic insulin secretion \[[@bib21]\]; however, recent evidence has also uncovered its roles in the regulation of inflammatory responses and cell apoptosis \[[@bib15]\]. Haptoglobin reflects hepatic acute phase response and is positively associated with both obesity and chronic low-grade inflammation \[[@bib22]\] and to exert important immunomodulatory mechanisms.

Future investigation of relevant biomarker pathways would facilitate a better understanding of their etiological role in immunometabolism and disease development. Circulating levels of the biomarkers could vary by participants' demographic and lifestyle characteristics including gender, obesity, and ongoing inflammatory status. Accordingly, we examined whether circulating levels of measured biomarkers were associated with sex, BMI, and hsCRP (a surrogate marker of systemic inflammation), and evaluated whether estimated ICCs differed according to strata by these factors. Since all evaluated biomarkers have been previously associated with adipose tissue, we especially anticipated that higher BMI would lead to higher plasma concentrations. However, in our predominantly healthy sample we did not find a strong correlation between BMI, hsCRP, and plasma biomarker concentrations. This observation is likely due to the narrow range of BMI represented in the present study that limits data analysis and interpretation. Our data also did not suggest any major differences in within-subject ICCs when we stratified the analysis according to these variables; therefore, it is unlikely that these factors would be expected to substantially influence future research results. Our study provided assessment of biomarker reliability over several months of time and may not be representative of long-term reliability. Therefore, future studies with a longer time in-between blood collection are warranted to assess long-term reliability of the biomarkers.

In conclusion, this study supports that galectin-1, nesfatin-1 and haptoglobin may serve as feasible and reliable biomarkers for assessing metabolic inflammation in population research.
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[^1]: ∗p value for difference based on Wilcoxon-Mann Whitney test between strata (sex, BMI, hsCRP).

[^2]: ∗∗ICC -- intraclass correlation coefficient, based on Box-Cox transformed values of the first and second measurement.

[^3]: BMI -- body mass index; hsCRP -- high sensitivity C-reactive protein, IQR -- interquartile range.
